
Evaluation of Risk Mamgement Strategies for a
L.ow-(hst, t-li@wRisk Project

Robct’1  Sllisllk, 1’111 ). :Illd I (lm’at”d .1. .lOlg(:tlsm, 1’11 .1) .

.lCt l’lopulsic)]l  1 ,:i})ol”iltol :)’. (’aliii)rllia ltlstitutc of ’J’ccIInology
4800” ():Ik { irovc l)livc

I); IS; KI(II:I (‘A 91109

Abstract. ‘1’llis papct sammatiz,cs  wotk il~ pIOYI(\~  t(I
d e f i n e  and implcmcnl  a risk maaa[j,ci,lcn[  l,t IX.s
tailored 10 a 1OW-COSI, high-risk NASA n~iwiotl :IIL
Microrovcl  l~ligh(  ILxpcrimmlt (Ml~l;X,  UIIIIIIIWII)
called tbc Mats tnicrorover). ‘1’hc  tailotu~l ] Id
managcmctl(  p roces s  i s  clcscribcd  aloIIf  IVII1 i I It
cxtcnsivc data collection, dOC11111Cllli31  iol), :ll(i
qual,tilativc  aaalyscs that arc being pclfotjocd ‘1 I,i
CITOl[ has lIIC cxp]icit  pllrpOSC of tryiag,  C\’ill  LIJ1l ill!!, :dl(i
documcatinp, acw risk maaagcmwt  teclltji(!ac. S, I a!, t(l
help not oaly tbc MI1;X missioa,  W tltati a~i.s]t.,]1< i],
tbc same risk class.

Mll;)i RISK MANAGICMl~,NT  1’1{()(’1:SS  AN I)
AC’1’lVITIIM

‘1’hc Mictorovu  Flight l;xpcIimcIIt ( hl I ‘ 1  ‘II
involves a small, sct]li-alltotlorllolls robotic lcllicl(  1( I
bc flows oI~ the Mars Pathfiadcr  (fonncl Ij htl~~v,ll a<
MI ISLJI< l’athf’incler) mission to bc Iaunclicd  III 19’6
Mats l’athfindcr  is spoasorccl by Ihc NASA 01’I I(C (Ii
Space Scicncc (cock  S), while tbc Ml:liX I\ Sl~LtIIWM  ,:d
by  ihc N A S A  ofllcc of Advaaccd (’(II  ICL.l IIL, :Id
‘1’cchllology  (Cock C). “]’hc MI;llX llliCICJl(I\’L’l I<
designed to move away from the 1 ,atldcl pit I of III(

l’athfindcr spacccrafi, image the I.andct, [Il(t<’r  ,111
Alpha l’roton  X-ray Spcckomcter  (APXSJ (HI hl,]l [I III

rocks aacl soil, and perform a variety of lcflIII~Il(I,I\
cxpcrimcnls.

‘1’IIc  Ml~l\X risk n]anagcmc.nt activi(ic~ fm LISLLI  JII
tbc followillp,  major risk catcgorics:  rest, S(IIL.JIIIC.
pcrformancc, and operability. cost risk ii coll<id~l {:d
imporiaat  bccaase lhc M};l;X has a fixcil I)u(lj’,c[ (If
$25M (RY$)  over iis entire life cycle. S(llc(illl, I I.L
arises bccausc tl)c microrovcr mNs[  bc ill[c~] aILd il tc~
tbc h4ars l>athfiadcr  spacccrafl, which itself IIIIIS[  III~Cl
the 1996 launch date. I’crformaacc  risks at i~t IW a
varicly ofrcasom:  clcsip,a coastraiats 011 VOIIIII)C, IIIZ  ,s.
aacl power  for botl] the miclorovcr  aII(i it\ SLICI ILL

]Iaylo:I(l, mictotovcl ia[crfaccs  with the Pathfinder
sjmcctaf(,  an(l usc of co]ltnlctcial  and Mil-Spcc parts,
()}Kv ability ri$ks al isc bccaasc of an unknow’a ]aaded
colli~~’(lmlioa fbl llIc I mdcl, USC of new apJ3roachcs to
U)l)IIII:llKi,  COIIIIOI,  atld Collltlllltlicati oil,  and uacerlaia
c]lvirotkmcatal  conditions.

‘1 IIC ~eacral risk Inatlagcmcnt  process followccl by
lIIC NII;l;X is tllal descr ibed in  Nllll 7 1 2 0 . 5 ,
A!l[II  x)<~cm’tlt  (!f Maj(v ,fj,,vtc~t)] l’twgtwttl.v oml J’rojrcl,v

((:ocIc Al)), NOVCIII1)CI  8, 1993, aad S1]-6 105, NA,YA
Lfj’.f/~’/I~y  ~+g;~K’~’~’@ IIatidbook  (Code l; ’l’), Jllllc 1995.

‘1 ‘lIc III ocess consists of fear overlapping stages risk
I,ltitltlil]g, risk ideal ii”]ca(ioa and characterization, risk
.aIlalysis,  and tisk mitigation aad tracking. Althoagb
the M I ‘IIX is 100 sIII[ill  a }moicct  (by criteria set forth  in
N] [l) 7120.S) to lcqairc  a formal Risk Maaagcmcnt
l’l:iII, (he MI’I X ICaIII dcwclopcci  an i n fo rma l  plaa.
Tlli$ l~lat] iacladcd tllc folloiviagj  ac[ivitics:

!<isk. 1 dc~]tiI~at  iot.1 atl<i (’haEic!c~~j.oIx
(a) lIIdci)cIlclcIIt tcclll)ical assessment
([I) 1’I eject tcalII Icclltlic:il  asscssmcnl
(c) 1 xamiait]r, I isk t e a ~ p l a t c s / l e s s o n s  lcaracd

d~lc(lnlcals froa~ previous projects

!{isk Ar]fllys~:
(d)

(c)

(f)

(’os[  I isk analysis (dcscribcd  in this paper as the
(’ost  [JtlccIlait]t~ Qacstionnairc)
opcralio]ls SCCIIaI io sitnlllation (described in this
l),tpcr  as t h e 1.allded Mis s ion  Opcratiot~s
ScLv]atios)
1 ailarc h40dcs, I fl’ccts,  ancl [criticality Analysis
(1 ‘N41i(:A  )

j<isk. h4ilig.31i.fI1l  aacl ‘!.tackitt~:
(~) (’ot)tia~,ct)cy  I)lanllitlg, (dcscribcd  in this paper as

tllc 1  atldcd h4issio]l [)pcratioas  Response
S[t alcgies)

(lI) V’atc]l list (dcsct il)cd ia this paper as the MI;I;X



(i)

Q)

I{isk  Mallap,mncn[ l)ata [Iasc.)
I’cchnical  l’crfonnancc  h4CaWI  ~, (’t I ‘M) I, LII ~
aIIcl marr, in managclncnt
SclIcdulc float (cri[ical I,a[li) [r<il’}. ill[,, at I
nlana~enlcrlt

Activities (a), (b), and (c) MTIC (OII(IU( (cl atI I
CCNI)plCtCCl prior to MIV{X  Authority 10 ]? (~[,..C,.~ (,1’\ ‘I ‘I I I
to full -sczrlc dcwclopm.nt Activi(ic. (d), ((), it I ([
WCIC tiIst conrtuc.ted priol to A’]’]’, aIIcl w ii] O) II IIIIi I
tllroup)lout  the pl-ojcct cycle. “1’he  Ictllai]iil,[l  a Ii! I(IL
were ins[itutcd fclllowin?, Al”I), but lIad tll( IIC Irlt o
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Figure 1 S] IOIVS  the process for making risk
]tlanap,c~ncllt  (ut]slladrd  boxes in tllc figure) integral 10
tlIc h41;l{X  systems cll[:inccrin~: effort. I’hc risk
tl~a]la~ci!lcilt activiiics  above map inlo the boxes in
1 ‘i~ure  1. 101 cxa!lll,lc,  the CO.S( ri.~k malysis box in the
f I~,uic  is ac.cc)lt Iplishcd  by performing the cost
[ Jtlccrlainty Qucslionrlai[-c. Sometimes, scvcra]
rictivi[ics a)c ]itlkcd to a particular figure box, as is the
( 3SC for tllc (cc)] nicaf t isk m.w.$.?tmn{. “lhc following
cxalrlp]c illu\[f Cites this process flow. I’JIc Mars
]’a[hfirldcr [)r(,jcct has defined its ntission needs for ttlc
IIliclolo}ci. ‘1’JICSC  are to deploy scicncc instrurncr)ts
arid to

1 . .“-,. . ..- ._.-.-_ . . . . . . . . . . . ._.J

Figure 1 Process for lntq~ralirl(! Sy:<leIi Is Engirwering and f{isk Management

eady planning atld “start up” work prim (o A’1’1’,  ‘11, I:SC

activi[ics arc also cxpcctcd  to continue !}II OII; ,,!IC It IIIC
pI ojcc.t cycle.

RCSUI(S  and pIoducts  o f  t h e  c,.n)li~l~l IIp 11A
nlanagclllcnt  activities arc tcpoltcd pcI ~[di~-t~lly 1:1 IIIC
Ml;J~X tcarn Icadcr. Sonic, Iikc ‘1’I’M  (I ackili~,,’11,  {I ~, il~
manap,cillcnt results, arc updateci as cllatt{,,c:, (I.{ w i!t[l

alc ~cpotted  regularly in the Aiictoro}el ‘/(’,/,  1~1 ,11
Ihsrlim Reporf. Othcrs, like the COSI  I is]. aII 1}. is
( w h i c h  rcquilcs m o r e  cxlcnsivc  in[,ots  fI 011 llIc
subsystcm  cnginccrs),  arc conducted Iu ior (o rl)ai(~t
reviews so that the results can bc cxarll)lied  itl CWI(  rr[
with othct in for]n:il ion, llacll ncw 01 uldat((l  dIIi l),!.!.
is rcpor led ill an Ml~l;X Ri.yk  A4an~j~:rI(/rrI[  /‘r ()<.  r ( \ (

RfyMJFf, a t(Wl of foul of w’llicll have lW(II  [1(’IIv(I  I I I I(I
date under this cflixt.

irna{:e tllc 1,alldcl to ctcterminc  i t s  c o n d i t i o n .
(hir,inally, tlIc scictlcc desire was fo] the microrovcr  to
dcII1cIy  a scismolllc[m, and to car[y both an Alpha
l’roton X-I,Iy  S[)cctlornetcr  (A I)XS) and a neutron
sJmclrcJrl)ctcj A  Irlicrorovcr dcsig[l asscssn]cn!
illdlcatcd  tl)iit a nticl OIOVCI which was capable of fitting
wit}lin t}lc hl}’l LX cost cap was not capable of carrying
CVCII tl~c li~l)test scisinolrlctcr, }:urtllct, the Mars
l’~[l,findcl scicncc lntd~,et  could not supporl  the neutron
sj~cctrrmctcr. ‘I”ilcxcfbrc,  a capabilities assessment
clilllinatcd ttlcsc t~ro illstru;  ncnts. “1’hc requirements
arlr+l)rsis  led to a rcquirmcnts  agrccmc.nt  bc.twccn the
Mal> l’athfrnder  p]qjcc!  and Ml~liX for a microrovcr
cap:Iblc of(ar]yill~,,  tllc AI’XS a[]d p]acillg it on rocks
aIId soil.

lrl corljut)ctimt  tvitlt tltc rcquircincnts  agrccrncnt,
c rite] ia were cslablishcd [o dctlnc Ml~IiX tcchnicai



I

mission success. ‘1’hcsc  c! ikria  aI c. (,1 ) I)(’i  (OI III

Cmnplclc set of technology Cxpc.I illicul[$ II) [III(  stji’
type, (?) mcasu Ic one Iock with tllc AI]XS ;{IIti il.r:i~j
that rock, (3) pnxiUCC  One full cross S(CIIO;  I Ill!at (I!
(1IC  lander, and (4) do two rnorc soil ty[ws, ; II{IIIIC
rock mcasurcn~cnt  with the AI’XS,  atId tlltc, I I\IIt
lander ilnages if possib]c. Ninety Ilcrcirj[  IO, ]IIIIIW’
mksion succcss  was assigned to doin[: (1), (2), :Id f’:{)
with ecjual wcif$t  to each; an additio]lal tctl j ICI, CIII
technical nlissioi]  success was assip,nc(!  I(I nit cxlcIIdcd
n~issioIl  tasks in (4). These elite] Ia rst;+bli.ll(d a
technical missio[i success metric.

llrc requirements analysis was rcf Incd ((-II  ]J,;oJi]  Ip,
landed mission operations scenarios) to dct(.v  ,r~irl: u lIa[
functional and ~ICI formanc.c  capabili{lr. v:t.1 i I:( ,ICd
by the Il]icrorovrl  in order to achicvc a s,:i.[,tilic +lly
succcssfll]  mission -- that is, deploy tt~c A1’X’;  ;~rd
perform the other technology tasks d[scr  IIIL{I  ;IIIOVC,
As part of the on~oing successive rcflrlcrrlvnt {I{ tllc
rnic[orovcr  dcsi~ri, technical risk asscsslll( 1,1< MC,IC
made at mcrcasjng,  levels of detail, arid po::.11 :ml
failures were idcidificd. I~or each potcl]tia] ftii~;.jr,  , 1,,k
n]itigation actions were developed, I ‘(u c~.firi,l}l.,  !llc
AI’XS nli~,ht not be properly placed 01, ttlc l(,~k “J t,c
risk mitigation plan was then atllcll(lcd  l<) )rl(i[l}c
dcsif,ninc and testing prototype A1’XS dcj,lo) III II
n~rxllanisn]s.

Planning for risk mitie,ation illcludc.s cif, iIII ItIIIK
the costs (and schcdiilc implications) c)f I isk 11111  ~~,ti,>ll
actions, as well as t}~c likelihood tha[ tllc hlf ’LX Ii[c.
CyC]C cost will c~cccd thc cost cap ($2’5hf)  bCi. fi\l .C (If
the identified technical and schcdrr]c  J i~k fa( [1.m;. ili
some instances, I“J’M tracking provides all illri(ii(i III of’
the urgency of in)l)lclncnting,  risk n~i(i~atioll  lIlaTI. a,I:1
aclions. ‘]hcsc  asscssrncnts arc used tcj a Ilouitt(.  hf 1‘1 X’
rcscrvcs. Allocations arc made as Ilrol)l(rrls  a II.
cncountcmd NOI cxamp]c,  after tcslill[: tllc A l’>;!>
Cicployn)ciil  mechan i sms  ( an  action if, [II: r i .,}.
mitigation plan), tlm likelihood ofnlcd]a,jrs]ll  f,+:iu t 1,1
properly j]osition the APXS may be Icawc~,t>d, arlli
rcscr vcs allocated to cover tl}c costs of ])){  ,I,i,{)r]{,  I I ~:
lorgcr  AI’XS  opcla[ion  times to make. u]) fo[ l,(~s.it,lc
rnisalignnlcnt.

1,andcd mission operations scctlaric, s irr c III(
primary tool for assessing the irnpa( ( CIf VHI  ll.~IIf
technical risks on tlw technical mission SIICC(,!.< Jj]clfi(.
For example, landcci mission opcra[iorls  sccrla i(v a] L

used to evaluate t})c effect of longer AI’.XS  [Ij Kciti I 1o11
tirncs on tllc. achicvcmcnt of other nlissi(]ri {IlqL( ti I c.,
so ovctall tccllnic,al Inission succcss  car] tx, c\ts1.Iz!L(l
With this irlformation, the team leader C,III dct{rltl IrI~

wllctl]cr tile nlar{’, ilml il]lprovcrt]cnt in technical mission
SIICCCSS is wor 1}1 tllc additional risk mitigation costs.
Ji}<t as the systcrrls crlf,iftccring, process is itcralivc  and
l~~oduc.cs suc.ecssivc rcfmcrncnts  o f  rcquircmcnts,
designs, ctc., so is the risk rnanagcrncnt  process.
Qualitative. risk assc.ssrncrlts arc performed first to gain
sornc. insi~,hts useful for relining the microrovcr  design
arlci opcraliom cortcept. IhCSc the.n evolve into more
quantilati\’c analyses,

SLJMMARY OF RISK MANAGI~;MItN1’
A( “1’1 \71’I’IIEWI’AIJS

“]his sectiort discN,scs  current status of tllc MIU;X
with respect to cost, technical performance, schedule,
and opc.rahility  I isk.

f:c,st Risk. ‘1’t lc Mici orovcr cost Llnccr-tainty
Qucstionrlrrirc  is tl,c irlstrurncnt  used to collect data on
cost risk. ‘IIIe irlformatiorl  cc)llcctcd i n  these
qocstiorlnaircs  WWS ir]!cndcd to : (1) dctcrminc cost
UII( crtainty slatus, (2)  ident i fy  the clcmcnts
corltributinr, to tllc cost uncertainty, (3) cstirnatc the
J,robabilify of tllc hfl’JO(’s  life-cycle cost bcins lCSS
tllall the $25M (RY$)  cost cap, and (4) identify changes
irl unccrlair]ty ovct tilllc. It was first administered in
Jul~r 1993 prior to tile I lxi~n,  Implcnlcntation and cost
Review’ (lJ1(~I{),  and a~ain in February 1994 prior to
the ll~dcpemicnt  Annual Review (l AR) of March 1994.

I:igure 2 gra]dlical  Iy illustrates the cumulative
dis[l ibuticm functio~l (calf) of Mll~X”s  life-cycle cost at
the 1 )101 and IAR, l’hc cdf  derived from the initial
JLIly 1993 qucstirrrlrlaire indicates that the probability of
life-cycle cost bcini: less tllarl or equal to its budget of
$25h4 is 72 perccrlt.  ltquivalcnt]y, the probability of
o\ci 1 mrling is 28 pcrccrrt, A comparison with tllc cdf
cicri\cd froni the l;Cbrllary  1994 questionnaire indicates
that \vhilc the cxpcctcd cost (rncan) increased, overall
cost urlcertaillty  \va< rcduccd.  ‘1’his is illustrated by an
irlcr<asc  in Ilte slope of the cdf (or equivalently a
tlal\tl\vinp, of tllc p]obabiiity dcnsi[y  function. ) A third
quesliorinairc  is plal~ncd to bc administered in 1996 at
t iic Asscrl\bly, lest, arid 1,aunch operations (A1”I ,0)
rriiles[orle.

‘I’ccl,  nical l’clfo]mancc Risk: Technical
I’ct formancc  Measures/rMargin Managcrncnt.
I]l(iiiida:ii ‘Iccllnicai  l’cr forlnaacc Measures (l’J]MS)
have rcxliairlccl  rclrrtivciy  stable over time.. MI~I;X is
[l~cking  nine TJ’Ms:



_-.— —-. —

. t

—.

l.o --

1

0.9-

0.8-”

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

. -. -.—

A , . . - 4 -..f, --

j(~ ““
.- _.. . - . . . . . . . .

~ :;:;:’’2;::’  “’:~;::;;:&/:’’’’’x”f~f’ . . . . . .,,— --- ----

--+-

July 1 9$1:{  CMx.tionnaire

f C!t)fLl:iry 1994 @esbnnake

$?3.00 $24.00 $?!l.rxl $26 ~’>:] $ ‘i.oo S28.00

$f:Yh!

— . . ..- - . . . ., . . . . . . . . . . .—. —--— ---..---”- . . ..-. .— - —

Figure 2 (.;o:.t IIII(;o  [i~inty  Survey Results

__. —._ —. —— - .- ,. ,. . . . .-— —.- . . . . . . . . —------

:<

2.5

?

1.5

1

0.5

0

-0.5

-1

urront Margin Description:
Iicrorovcr  System (F{over + 1 M[{[ Nl, I..iIII i 17 I } g
Iicrorover  System (Rover + 1 M[tl  ) ( ;t!,((,r,< WV [ ,11-IIa!r  , 156 kg

Iiuorovcr  Syslem (Rover + 1 hlf {1 ) M:II yr = ? O k (11  O/.)

150/. Margin Level_ - . . — — . — —  .

#l“rY’ “ ““rg n“ Level
,./ “-

—. ---— .-.

.  . . -  -.. - - - -

5)4 I&wgln L e v e l .. . . . . .--... ——

10/~ Margin LOVOI-——

r:onttl

—...-—.— -. -- - .- .. -_.,.-—---

Figure 3 Micxorcwer :Systcm  (Rover +. L.MRE.) Mass (kg)



. .

.

.

.

.
●

✎

✎

●

✎

SyStClll  (Kmm -1 1.Mf<li) hl;lw (k:)
\Vaml lilcctronics  Ilox (Will) \/(11111 IC [c III”7
x 1 cm)
AvcIa~,c  1 hivin~, Power (wat(s)
Worst ~asc  l’cak opcratirlp, 1 ‘uwcl (\v(* I [, )
Sol onc Electrical lhcl~,y (hII~IIIIrl I! IOII
(watt-hr)
l)cvclopmcnt + Ops ~hcnnal (Tyclc~ (JIIlrr  lwr
of Cycles)
[Jill : I)ata l~low (Mbit\ /Li:iy)
I )ata Storage - RAM (kbytc)
(:ontrol Memory - l’l{oh~ (kl,y[c)

I;ach ‘1’I’M  is at or above its n]ar~,ill lc;!(,il CIICI,I al
this time. l:i~ulc 3 graphically illus(l.ifcs  ttl,: lIJr IIIa I
used fol nlarp,i]l display and SIIOWS  tlII. (Ir( I lflill[,,
Inargin  ]cquircmcnk  “ladder” OVCI  tirl]c usi[i~) S /SIC III
Mass (Rover + 1,MR1~) as the example, ‘l’tic ICIII iI,l[l~,
‘1”1’M  c.tlarts arc displayed in the ap~wtldi( !:s ill
Rcfcrcnccs [3] and [4] to this papcl ‘] ’I’hI/Jt  al ~,il,
report uprtatcs arc issued quarterly with irl~[tl c!tal
updates as the design progresses.

Schcdrrlc  Risk. la I~Y 94, schcdu]c. III,ZtII;III,tIIIL’IIt \L,,i<
based upoII the usc of an intcggatcd  IICIWOI1: s{ II. d I Ie
Ibis was d[oppcd as of April 1994 a[lci rt~)lit  (,I ~:ill a
scllcdulc based upon tracking, the s~ll,sys[(;~t  1( } c1
Rcccival,lcs and l)clivcrablcs  (\/cc/l h 1{) ‘J ‘Ilc I!, ;iIII
r e a s o n  t]lc intcp,laicd schcdulc  coLIld IIOl I)r sII\i  iit)rd

was that the activities identified in the s< llcdill~s N :! c
at too detailed a Icvcl to bc cfflc.ictltly  lrl~i!lt.il]ud,
given the usc of a rapid prototy[)irl~j,  dcicl(q~[a,:llt
n[cthodology. ]:llrthcrlllorC,  tllC US( Of 11’LIIII’,’1{  ~,ls
commercial palls required that mat)y (olllp[~ilcl [s l~c
adaJ)tcd arid qua!iflcd  fol- usc in a SIMCC ZIId M .~ls
environment. “1’hc schedule mquirc{l fol [lli~ l! ,IS
difficult to anticipate, as the histo!y collvcyc(i  lcl~,w
SU:,~CStS.

‘Ihc schcdulc status as of Fcbrualy ;’(), \ (~!,;, [,,{ .I.,i
on tllc July 1994 IIasclinc  Rcc/l)cl lIla II, rcvl:,ls ‘,6
a c t u a l  cmnplctc(i dclivcrablcs  out of 51 i)l; lll(fi
completions (SCC l:ifgurc  4). ‘1’his nlcarls tt)al (Ill} () ’,”;6
of the pianncd milestones h a v e  NCt(liill}’ tl(”<ll

Completed, ] .ooking at schcdulc siil]s fl~)ln a j,ir it 1> {If
pcrspcctivcs basicaliy rcvcais  that hfj’1 X i$ (III 1,11  Illy

running from 4 to 5 weeks bchi]ld I1[C JUlJF I C;$’4
Basciinc scbcdulc. I’hc average numbcl  of (M’or  k ~[ia)s
iatc for aii milestones is 25 days. Ilw avci a~l,c tit) l,~!c
fbr aii cfifidpnth rnilcstoncs  is 22 days ‘i ‘IIL iiv. I ,;:c
days slii~pcd for compictcd  criticai patiI n]il,..,,] x.~ is
i7 days, “1’hc aver-age days sliiymi for hi; Illt,c
cuucn(iy  open items is 35 days. ‘1’hc ma III c I lti~ i] IICIIIS
at c tllc (iclivcrics  for the Systcm lrltc;l,fa[lll:, h’ [) i I. I

(Sihf) vc}li(lc,  Ithicl, have so far siippcd 21 days tO
h4iiy 15, 1995. ‘1’llis is approximately c.quivalcnt  to a
nillc J) CrCCllt sclic,itl]c siiJ~ as measured from Aprii 1994
tj,loupl~  the end of I’c%ruar y 1995.

F i[gure 4, MF”[\X Ret/Del Accomplishment:
Planrmd Versus Actual

‘i’llc sctlcdulr  TCSC[ vc in the beginning, of f;Y94
wa~ ori{:ituiily  IIIIC’C  lnontlls. As of I)ccctnbcr 1994,
tllc lclllainirl{! sys(ct])-lc.vc]  schcduic  Icscivc was onc
rIIoIIth. It a p p e a r s  t h a t  MI;I;X cur[cntiy  ilas n o
scllcduic resclvc c~cc]lt for possible. float inherent in
S~IIIIC  indivi(iuai  ciciivcrablcs. Given that in the past
ycat an ovcIail s(lIc(iulc sli]) ofninc.  pcrccnt  has been
Obsc.t  vc(i, it sl]oui(i bc expected that SOIIIC  additional
siips will c)ccur  it) the future. Bccausc Ml~I;X is a high-
r is~ Inission,  there is some flexibility in how the
Illi(lorover is tested. ‘1 ‘hcrcforc, as pa[i of a
col}linf,cnc~’ ]]iall, H rlurnbcr  of subsystc.rn Icvcl tests
tcs[~ tlavc i)cc.iI  i(iclltiflcd  for de l e t i on  f rom the
s( iIc(iulc, atl(i a s( IIcciuk rccovcry  plan is can cntiy
l,:il,{~ il[lpiclllrlllc(i

f,



“1’IIc  Itlain MI:IIX SCIICC{UIC  dIi\,cl~ }1:1,, ~ I,c , t)]
hflobility  Subsystems, Walm ljlcc.([t,liic~  I ]{o, I \l’I I { I
and [tic Navip,a(ion  rind Cent Iol SUIXJS(CIIIS  rlc, [i ,,:lic
boiiids. Si[lcc Ap]il  1994,  tbc W]{}]  I]a< l],l(lcr~:,,jlc
~najcm lcdesig,n [0 arl insulation nla[cri. ~1 t)f sf~lid sillt 0]
acrcrgcl illstcad ofonc  consisting of all al(llllillllfll.tl.1((,
]10\4’CiC1 sarlciwich, 111 sornc car]y vit,l Htior,  (,;s[s i[ \\,,,
found that the powdered insulatimi sllified 1(.~ult il I], il
un(icsirable.  tcnlpcraturc ~radicrrts.  ‘1’}lc r~s~il M iIs ;
rcdcsip,[~  with additional suppoIIin\: arI;IIjSI.  I I;i
dcliiyc(i  ti]c buiid of a Wl~,}I en~,incclilli: miNiLl  i, lt]rct
11)011 (11s, Adciitional  a~sc[nbly-lc.vcl  tllcl,l~,l .o)(
vibration tcsk  were also sc.i~cduied it( o[dc( to \~{ I if)
tile design and the acrogci  insulation) Iliatcl ial, wliici
bad not Imcviously  been used as tiIcr Inal il}<(l;ll ~,11
(k~[lscqucntly,  tllc WliJl dcsi~,rl  was JIOI tc;i(i} 1(,: IIIC
bc[’,illr)ill[: of the SIM build untii I)ccctilhcr 191) [. I IIC
rcfrt[inp, of the Rocky 4 cicvclopmcnthcst  \!( IIi( ic ]Jlto
a soflwarc dcvcloprncnt  rnodcl (Sl)hf)  \~ii\  S( tit. (iIIlc(l
to bc cmnplctcci and rca(iy  for sancibox l(;[ill~, i~y
Scptcll]bcr  1994 with tl)c additiorl  of  ii co~ijl)llt I iIII(i

associa(ccf cicctronics i n  a  printcti cirlltit I KI,:*(I
p a c k a g e .  l)clays  in tbc dcvc.lopsiicil( of tlii~ :,:: of
cicclrorlics  boards caused by i)ar-~s  avai]alt[lilt),, 1),11 [s
sullslitut  ion (i. e., comrnclciai cquivalclit  for ull>v<~ il:llll(
fli@l( parts) an(i fabrication delays JcsullLI.~ I I lilt
boa Ids being first available in l)cccInbrI 19’)1,

‘1’hc  Rocky 4.6 vciliclc was cstablidlc(i  H. a ‘;1 j\l
ia January 1995. ‘1’o provide all c[,vilclrjl~,ul,t 1,,1
soft\vare  dcvc.loplncnt,  a version of thcs{ clc(rr  l.)rl I(! ir]

a  wircw ap h] assboard w i t h  corl i rl)cr(i~l 1,11 [
cqu ivaicnts was i~roduc.cd and intep,t ~f ccl N It} III c
Rocky sensors and chassis (crcatin~,  R(wl.y 4 .$).
I’csting allcl evaluation of this suhstitu[c addo.i [( I (I c1
(iciay to tllc prir]tcd circuit board prociuc[ifjr( \llilc
k e e p i n g  otilcr co~ltI-ol  and navigatiort SIllJs}  ,(I ill
clcvciopn~cnts on scbcdulc. Scbccialc inll,ficl~ li;j~c
o c c u r r e d  i n  gcllctai bccausc  of tiltlc SIKIII (1)
scarcllin~,  for- suhstitutc  pal[s/vcndols iliat coltitl Irl(, [
Scl)c(iulc rcquilqlncntsj ( 2 )  Cv:luatili{: 11,
ai~plopl  iatcness of certain commercial 11.~r(\,  arII i ( \ j
idcn(ifyillr, and zic.cor~~ri~o[latir~g vclldw (~1 LII..I ;IIIII
icad[imcs  for parts IIccdcd  for iwototy]~c  b(mt{i I)t II(I.

Sornc  JCSSOIIS icarncd rclatcci to M II( ,IU 1~
nlana~crrlcllt of missions like MI;IIX al 1 ~ir~ a(ll
apparent. I )UC to tiIc tapid chan~,cs that ari~~, III l,IaI,,
in a task usinp, rapid prototyping,  scllcdllli]lt:  lllll~. I I c
kept at a fairly }Ii[,ll icvcl so that tbc co~( of IIjld; 111}
the l~ctwork  sctlcdulc  database is not ho] dC~I<[IIIIL  :i
bct(m apploacl~  to sciIcciuic manascn]cltt for ta,i.~ III L
h4i’l~X is (1) fiIlaii/.c  the Rcc/I)cl  list, ~~) a[IIrc (![I  1) c
irltcr-sll[)s}~stc[ll aIIcl  cx(craal  product ilttcl f,~( {i, ,{11 I

IIICII (3) COIISIIUCI a IIip)l-lcvci intcr,ratcd schccluic. ‘1’hc
Rcc/l)cl iISt is CIIIICIIIly  MI:W’S only formai scbcduic
Illi<na~:c[}ic[)t tccllljiquc. }Iowcvcr,  it is not possible to
di~ccril  frtl[ll a Rccfl k] sci~c.dulc w’i~at the real schcdu]c
(i I ivers arc as IIICSC Iic at Icast cmc icvci bciow t h e
slll)systclll  cxtclllal ciclivcIabics.

A sccoII(i lcswri  learned is that a standard schcdulc
l]larla~,clncrll tool rriust bc identified from the very
bc{:inrlill[’,  of tllc [a~k, 1,as(iy, \IcIy iargc scilcdrrlc
nlalg,ills rlccd to i)c cstabiisbcd  in tile early pbascs  of
tile ~i~ss 1 ~ IMc~ccl to aliow for tllc cxtcnsivc  schedule
ut)ccl[aitlt)’ ass(lciatcd with the testing rcquircmcnts of
cornrncrciai  par M } low iargc is not yet clear, but tbrce
[ll(~[lti~s of rllar~,i(l  a~ Ia(c as the bc:inning  of 1~Y94 was
Ilot Cnoup>li

Ol]crabiiilj’ Risks. ‘1’IIc iwimary  tool used to devise
sc]lsiblc oJJclatiorls concepts for tllc microrovcr is a
(iclcrmirlislic  silnula[iorl ofthc  events that form Iatm’d
ttl i.i .sioti cyx’r O[ioti.< scctm ios. Tbcsc  simulations,
which arc crflbodicd irl I~xccl  sprcadshccts,  me rrscd to
cstitllatc ho~v rIlany sols it lcquircs to  achicvc tbc
rl~i~sicm success CI itcl ia clcflncd in Section 1.2 above.

‘1’iic 1.aIIdcd hfission l{isk Asscssrnent  S u r v e y ,
[ICI  (orlnc[i 011 a o[lc-tirnc. basis in August 1993 and
r L’[wrtcd ill I IIC fir >( Risk Marlagcrncllt  I’rogrcss  Report,
icicli[ificd tlic IIip,ilcst  Iisks to Ml~liX mission success.
(SCC Scctiolt  ?.2, ‘1’al)lc 2.1 i n  R i s k  A4a/~agct)~etzt
I’rOgW,H  h’cy,o)f, JI’I. 1)11 181-1, l)ccembcr  1993.)
]’OJ aii of tl)c toll r isks ,  potcntia] o p e r a t i o n a l
res~mseh ccovcr-y SLI a[cgics  were dcvclopcd  as part of
tlIc risk rnitif:ation  cffor(.  ‘1’hc  logical step is to insert
off-rlorllinal  conditions into the deterministic scenario
sinlula(iolis, and calculate the effects On the landed
I[lission tirncli!lc  t8kin:, into account any opcratiorlal
rcs[~(~rlscfrccc)~’crjr  s[latcp,ics.

of tile [(11) 15 tisks, four involve the faiiurc of
sonic por[io}l of tllc [ll~litlk/cio\\~rllirIk  capability on the
IIliclolovrr 01 h4ars I’atl)findcr  lander (c,g., tile lander
I i(iA ccral(i lail t(, cicj)ioy), arid ci~ll[ invo]vc physicai
ohstl ucti(uls [[I Iniclor(wcr  dcl~loymcnt, ‘IhC operations
r cyxIllsc/t ccovcry st rtilc~,ics for tbc fcmncr involve ( 1 )
}}lt-sto]cd COImIISIn(i  SCqUCnCCS,  W]iic]l arc activated
autorlonlousiy, altd (2) workarounds  utilizing
altc[ [[ativc nlcans to cc~rlirr~ul~icatc  or collect data, in
Itlc iattcr s e t  o f  risks, rcs[mnsc/rc.covcry strate.p,ics
illvol}c Slowlltp, o[wrfitiol)s  to aliow rllorc time to take
aIId :irlalyic  I)liap,cs ijcfbrc at(cmpting  dci)loymcnt.  ]n
ally case, (IIC atllolll]t (,f tiinc nccdcd t o  complctc
\ati(ltts rnissioll  ta+s itl(tcascs, which in turn affects



‘1’he n)aia MI;IIX  scheclalc drivm Ilavu I, L.LII IIIL
Mobilily Subsys[cIIls, Watnl l~lcc(rollics }IOX ( \!’ I I; I.

and the Navigation ancl @]trol Subsystctt Is clcLtI o its
boards. Since Aplil 1994, the Wltll  has utlcici~oc  :(
ma.ior Icclesif,n 10 m] insulation malctial  of sollcl sill,oll
acrogcl instead ofmw consisting of an allililinllltl.  11:1.L()
powder sandwich. II) some early vibraliot] Icst\. i[ w t+~
foalld that the powdcrccl  iasalntion Shiftcti rcsu I[it], ill
ondesirab]c  Icmpctaturc  gradients. ‘1’11(’  lL’\llll \!’ii< il

redes ign wi[h additional supporlitlg  :lllal>’si~ Ii I;:(

cfclaycd lhc build ofa WI III cnginccrin~: ]llt)d~l  It:, III I(,
nlolllhs. Adclitional  assctnbly-level tlICIIII,Il ~li,l
vilm alioa tcs(s wcw also schcdulc.cl  ill mdcl II} vc ill

Ihc dcsip,n aacl the acrogcl  inhalation fllalct ial. \\ lIICl I
had not plcvious]y been USCCI  as thermal ill~ul.ill! )11
Conscqucm(ly,  (hc Wl~Il clcsip,n was not 1 ca(i> lf~t Il)i.
beginning ofthc  SIN4 build uniil l)cccmhct 1991, ‘I II(
rcfittitlg of the Rocky 4 clcvclcJplllcllt/tcsl \clli(  I I.’ IIItt I
a software dcvc]oJllncllt model (S1)M)  w,t\ S( ]Ic (]u~c(~
to bc compldcd  ant] rcacly for sandbol  tt’.[ill~l, [I!
Scptcmbcr  1994 wi(h the addition ofa CL)II)I)II[(I  ;II(I

associa[cd  electronics in a printed cll l.uit Imtt (1
p a c k a g e .  I}clays ia the dcvclopnmlt  (II’  tlils SC( ()!
clcc[ronics  boards caoscd by paris avail al>lili[y, ]J:I [’,
sahs[ilation  (i.e., co]ilnlcrcial  cqaivalcnt  fbI IIt)a\Cfilal ,1(
flight par(s) am{ f ab r i ca t i on  clclays rcsllltcd ill III(
boards being firs( availab]c  in IX2ccmher  I 994.

‘1’bc  Rocky 4.6 vchiclc was mtablish(d  a~ ii S1 JV
in .lanuary 1995. ‘1’0 provicic  at] cflvil  011111(111  11.11
sof[warc  dcvclopmcnl, a version ofthcsc  clcctlulli(s ill
a wircwap  brassboatd w i t h  comtll,j  ci;t] ],.111
equivalents \vas prodaccd and intcp,rat(d \~,itll litc
I<ocky scnsm ancl c h a s s i s  (crcatiag, Ito( k? 4.’I).
‘1’cstinp,  and cvaluatiol]  of this sabstitalc  a(ldcd f(l,il:r
delay to the printed circoit board ploductio~l  vllll~’
keeping otl~cr control and navigatiorl sul)~} fi(( Ill
dcvclopmcnts 011 scbcdalc. SChCdlllC itlllmc[~ Ila\’u
occurfcd  in g e n e r a l  bcc.ausc  of tin]c SIWIII (,)
searching for stlbsti(~ltc par(s/vcadors tba( COIII{I III( (:I
Scllcdlllc rcquirclllcn!s, (2) cvala;,till~, l~c
a~l~lr(l})riatcl~css  of ccriain commercial pat is, aIKI ( I )
idcnl ifying and accotnmodatin.g  vcndot 01 dcl all[l
lcadtimcs for par(s  needed for prototype b(mt(l bliil(~;,

SOmC ]CSSOnS Icarncd r e l a t e d  1 0  s(licl.iu lc
management  of missions like Ml~I~X aICL alltati>f
apparcni.  l)uc to the rapid changes lhal al isc ill lIl:i II$
in a task using, rapid prototypillg,  schcciulinp, tI~~ISL 1,C
kept at a fairly high Icvcl so that the cost of ll]l(iillill~,,
the network  schcdulc database is not buldc]lsoll ((. A
better approach to sclwdulc  managcmc}lt  fol ti{’.k~ Iii. c
MI:I;X  is (1) finali~c the Rcc/l)cl  list, (2) a;!lcc (l]] IIIC
illtcr-subsystcll)  and exlcrnal  product inlet fiic~’s  aid

Il]cn (3) col~stwct  a II ip,h- lCVCI iatcgratcd  schedule. ‘1’hc
]<ccII k] ]isl if car!t”ilt]y MI: IIX’S  only fbrmal schcc]ulc
]llana~,emcnt tcc.hl~iquc, I lowcvcr,  it is not possible to
di<cct 1) frota a I<cc/1 )c1 schcclulc what the. real schcdlllc
dt ivcts arc a~ thcst  lic at Icast onc lCVCI below the
s(ll~s>stcm external clclivclablcs.

A second ICSS(MI lcatilcd is that a standard scbcdalc
tnanap,cmctll  too] mus[ bc identified from the very
bc~!,il)l)inp,  of tllc Ihsk. 1,astly,  very large schcdale
niar~ins IIccd to bc cstaljlishcd  in the. early phases of
tllc (’law 1 ) pl{!icc( 10 allmv for the extensive scbcdalc
ullrcltaint)’ amciatcd \vith the testing, rcqaircmcnts  of
coln)nmciat I)al (s. } low Iarf,c is not yet clear, 131it three
II IOIItl IS of nlal-gin a~ late as the bcginnit~g of JJY94 was
]Iot Cllough.

(Jpct tibilify Risks, ‘l”hc primary tool used to devise
sct]$il)lc opu at ions concepts for the microrovcr  is a
dctcllilinistic  Silllolatio]l oftllc events that forml /(/Ivkd
m i.f ,si( u 1 opct  w~iot).$ s cvtmt  io,v, ‘1’hcse  simolatioas,
\\ Ilicll arc clabodicd itl I;XCCI sprcadsbccts, arc used to
cstinlatc IIow mat)y sols il lcquircs tc) a c h i e v e  ihc
lnissi(~n sacccss critct”ia dcfi IIcd in Scc[iot~  1.2 above.

‘1 IIC 1,andcd  Mission Risk Assessment Survey,
~~ct lb] tncd 011 a ol]c-t imc basis in August  1993 and
rc’1 jtmlcd in tl}c first Risk Management I)rogress  Rcporl,
idctltiflcd the hip,hcs[ lislis to Ml~IIX mission success.
(See Section 2.?, ‘1’a[,lc 2.1 it} Refcrcncc  [3].) I:or all of
tllc lol) risks, polci~lial  opctational response/rccovcry
stlalc{’ics ~vctc clcvcl(yxxl as parf ofthc risk mitigation
cflor[ ‘f Im Iop,ical sicp is to inscrl off-nominal
cotldilions into lIIC dctcftllinistic  scenario sinlolations,
atld cfi]calatc the cflt><f~ on the Iandcd ]nission tinlc]iac
tzikil IF into accouni ally opt]  at ional rcspoasc/rccovcty
s[talc:’ics.

Of the top 15 lisks, four invo]vc lhc failarc of
SOIIIC  ]mr(ion of ~hc tl[llirlk/do\\’lllillk  capability cm the
nliclo] ovct c)r Mats J)atllflndcr  lanclcr (e.g., the lander
} I(; A could fail to dcljloy), and eight illvolvc physical
obslwc(ioas  to I[liclolm’ct  deployment. “1’hc  operations
rcspolt\c/rccovct  y s(lalc~,ics fol the fortner  involve (1 )
pti-s[<)t  ccl cot,~lnand scqumlces,  which arc activated
atl((~ll(llll{~llsly, a n d  Q) workarounds utilizing
altctnalivc  ]I)ciitls to commanicatc  or COIICCI  data. in
lIIC Ialtcr SC( of I i~ks, ]usJmt~sc/rccovcry  strategies
in\(dvr  slowin~, opt] titiolt\ to allow more time to take
and iitliily~c imar,es  before ailctnpting deployment. In
ally ca~c, tl]c aInoaIIt o f  iimc  nccdcd to conlplctc
vat ioo~ nlission tasks illcl~.[iscs,  which in taril  affects
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